The neurotoxicity of glutamate and hypoxia was investigated in vitro on hippocampal neurons, which were obtained from 18-day-old rat fetuses and were main tained for 3 days in culture. Chemically defined medium without glutamate was used and the plating density was low enough that the effect of exogenously added gluta mate could be directly evaluated. In the normal culture condition 1 mM glutamate was necessary to cause signif icant neuronal loss in the following 24 h. In marked con trast, when glutamate was added after subcritical hypoxic stress, a dose of glutamate as low as 10 fLM could exhibit neurotoxicity. Administration of MK-801, a selective noncompetitive antagonist of the N-methyl-D-aspartate (NMDA) receptor, could in part reverse this increased Glutamate is one of several excitatory neuro transmitters in the central nervous system of verte brates. It has been discussed to play an important role in the neurodegenerating process of some pathological conditions such as ischemia and epi lepsy (Rothman, 1984; Simon et aI., 1984; Drejer et aI., 1985; Meldrum, 1985; McDonald et aI., 1987; Choi, 1988) . Glutamate concentration in the extra cellular fluid can be measured in pathological brain tissue of experimental animals, and several reports have indicated that extracellular glutamate in creases as a result of ischemia or drug-induced sei zure (Benveniste et aI., 1984; Hagberg et aI., 1985; Wade et aI., 1987). In other studies the threshold of glutamate necessary to cause neuronal death in vitro was found to be 0.5-1 mM (Choi, 1985; Choi et aI., 1988; Mattson and Kater, 1989) . The neuronal 
susceptibility to low-dose glutamate after hypoxia, al though MK-801 could not protect hippocampal neurons from high-dose glutamate. Therefore, both the NMDA receptor and other subclasses of the glutamate receptor may be involved in this neurotoxicity of glutamate. Dif ferent mechanisms of glutamate neurotoxicity with high and low doses are discussed. Our results showed that hippocampal neurons exposed to sub critical hypoxia be come more vulnerable to glutamate than those without hypoxia. This increased susceptibility is of great interest to understanding the mechanism of slowly ongoing neu ronal loss caused by ischemia or epilepsy. Key Words: Glutamate-Hippocampus-Hypoxia-N-Methyl-D-as partate-MK-801-Neurotoxicity.
response to glutamate should be further investi gated to clarify its pathomechanical role. A recent report using cerebellar granule cells demonstrated the neurotoxicity of low concentrations of gluta mate when neuronal energy levels are compromised by starvation (Novelli et aI., 1988) . Hypoxic stress should also reduce cellular energy level and modify cellular function normally protecting neurons against excessive glutamate. After hypoxic stress neurons might then become more vulnerable to glu tamate.
In this work we investigated whether the thresh old of glutamate neurotoxicity can be altered by hypoxia in cultured hippocampal neurons. We de termined neuronal sensitivity to glutamate by means of combining neuronal culture with in vitro hypoxia, where defined drug concentrations could be applied easily in a controlled environment. We cultured hippocampal neurons at a low density in serum-and glutamate-free medium. With this con dition growth of nonneuronal cells was minimal and the transsynaptic effect or modulation by glial cells could be ignored. Three subclasses of glutamate re ceptor are well known: N-methyl-o-aspartate (NMDA), quisqualate, and kainate (Watkins and Evans, 198 1; Fagg, 1985; Mayer and Westbrook, 1987) . We investigated the effect of a selective non competitive antagonist for the NMDA receptor, MK-80 1 {( + )-5-methyl-10, 1 1-dihydro-5H-dibenzo [a,d] cyclohepten-5, 10-imine hydrogen maleate} (Kemp et a1., 1987) , to define which subclass of glutamate receptor is involved in the neurotoxicity of hypoxia and glutamate.
METHOD Cell culture
Dissociated hippocampal neurons were obtained with minor modification of established techniques (Banker and Cowan, 1977; Mattson et aI., 1988; Mattson and Kater, 1989) . Hippocampi were dissected from the brains of 18-day-old rat (Wi star) fetuses under a microscope. They were cut into small pieces and then incubated for 15 min with 0.25% trypsin in Ca2 + IMg2 + -free phosphate buffered saline (Biken, Japan) at 37°C. Thereafter, the hippocampi were washed twice with Eagle's minimum essential medium with Earle's Balanced Salt Solution (Biken) supplemented with 10% fetal calf serum (Gibco), 40 mg/L kanamycin sulfate, and 0.25 mg/L amphotericin B. They were then dissociated by gentle trituration. Via ble hippocampal neurons were counted under a phase contrast microscope (Nikon, Japan) by exclusion of try pan blue. These neurons were plated at a density of 100 living cells/mm2 on 12-well plates (Costar) precoated with POlY-L-lysine (Sigma). The plates were maintained for 12 h at 37°C in a humidified 5% C0 2 /95% air atmosphere. Culture medium was then exchanged with a chemically defined medium (minimum essential medium supple mented with 1 mM pyruvate, 5 mg/L insulin, 10 mg/L transferrin, 6.3 f.1g/L progesterone, 5.2 f.1g/L selenium, 100 mg/L kanamycin sulfate, and 0.25 mg/L amphotericin B), which contained no glutamate but 0.8 mM Mg2+. Each well contained I ml of the medium.
In vitro hypoxia
The hippocampal neurons were maintained for 3 days in the serum-free medium. Thereafter, hypoxia was ex erted on cultured neurons by placing them into a cham ber, which was originally constructed as a vacuum des iccator (Iuchiseieido, Japan). The chamber was suctioned and flushed three times with 5% C0 2 /95% N 2 gas to re duce the oxygen content within the chamber to < 1 %. The culture plates were kept in this condition for 2 or 3 h. The humidity within the chamber was maintained by a water filled dish within it. The chamber temperature was kept at 37°C. A part of the culture medium was removed at the end of the hypoxic period to measure its oxygen content. The culture plates were returned to the incubator and cultured for additional 24 h. Some of them were cultured for 48 h.
Neurotoxicity of glutamate and NMDA
Hippocampal neurons were maintained for 3 days in culture. Glutamate was dissolved in the chemically de fined medium and was added to cultures in 40 f.11. Equiv alent volumes of the fresh medium were given to control cultures. In the experiments where neurons were exposed J Cereb Blood Flow Metab, Vol. 10, No.6, 1990 to hypoxia, glutamate was added just after the hypoxic period. The neurons were incubated for an additional 24 h with glutamate and then fixed with 2% paraformaldehyde in phosphate-buffered saline. In some culture plates, the other potent excitatory amino acid, NMDA (Sigma), was added in the same manner as glutamate.
Effect of MK-801
MK-801 (Research Biochemical Inc.), which is a selec tive noncompetitive antagonist for the NMDA receptor, was given to investigate the subclass of glutamate recep tor involved. MK-801 was dissolved in 50% ethanol and then diluted with the chemically defined medium. Twenty microliters of MK-801 solution was added to culture 30 min either before induction of hypoxia or before addition of excitatory amino acid, An equivalent volume of vehicle medium was added to the control culture in each case.
Evaluation of neurotoxicity
Nonviable neurons usually detached and some remain ing dead neurons were identified by their fragmented neu rites and vacuolated cell bodies (Mattson et aI., 1988; Mattson and Kater, 1989) . All attached neurons with nor mal appearance were counted under a phase-contrast mi croscope (x 100). Ten microscopic fields were counted for each well and their mean was regarded as the repre sentative value for the well. Six wells were used for sta tistical analysis (t test). Neuronal survival rate was cal culated as the percentage of neurons surviving in corre sponding control cultures. All the experiments were repeated twice and the results showed the same ten dency. Representative data are shown in this article (mean ± SD, n = 6).
Immunocytochemistry
Immunocytochemistry was done with the ABC Elite kit (Vecta-Stain; Vector Lab.) according to the instruction manual. Cell membrane was made permeable with 0.1 % Triton X-I00 in phosphate-buffered saline. Anti-200-kDa neurofilament monoclonal antibody and anti-glial fibril lary acidic protein monoclonal antibody (Lab Systems) were used as primary antibodies to confirm neurons and astroglia, respectively.
RESULTS
Hippocampal neurons were identified under a phase-contrast microscope with their typical ap pearance of pyramidal-shaped cell bodies with bright halo, long axon, and small dendritic pro cesses (Fig. 1A) . Neuronal attachment and elonga tion of neurites could be observed in -20--30% of initially plated cells, which was identical to the re sult of Banker and Cowan (1977) . Immunocyto chemistry using anti-neurofilament antibody con firmed the observations obtained under the phase contrast microscope. Intense staining was observed in axons and cell bodies near the axonal origin ( Phase-contrast microphotograph of hippocampal neurons cultured for 3 days. Plating density was 100 cells/ mm2. Neurons were identified by their typical appearance (pyramidal-shaped cell bodies with bright halo, long axon, and small dendritic processes). In such a low-density culture, neurons grew independently. x130. B: Immunocytochemis try with anti-200-kDa neurofilament antibody. Intense stain ing was observed in axons and cell bodies near the axonal origin. x 130. C: Phase-contrast microphotograph of degen erated hippocampal neurons. In vitro hypoxia was exerted for 2 h and 100 fLM glutamate was added. Most of the dead neurons had detached in 24 h. Dead neurons remaining to attach showed swelling of cell body and fragmented neurites (arrow). x1 30.
this hypoxic stress for 2 h "subcritical" hypoxic stress and used it for subsequent experiments. Neuronal survival after in vitro hypoxia. Hippocampal neurons were cultured for 3 days with serum-and glutamate free medium. Then culture plates were placed in a hypoxic chamber for 2 or 3 h. Thereafter neurons were cultured for 24 h under normal conditions. Neuronal survival rate is pre sented as a percentage of surviving neurons in control cul tures without hypoxia. Hypoxic stress for 2 or 3 h reduced survival rate to 79.1 and 31 .7% of control, respectively (p < 0.01 ). The hypoxic treatment for 2 h was termed "subcritical" hypoxic stress. Data are shown as means ± SD (n = 6). low dose of glutamate caused no morphological changes. When hippocampal neurons were exposed to a high concentration of glutamate, they showed degenerative changes. Most nonviable neurons had detached in 24 h and some remaining dead neurons were identified by their fragmented neurites and vacuolated cell bodies (Fig. Ie) . The minimum con centration of glutamic acid required to cause a toxic effect on cultured hippocampal neurons was 1 mM in the normal culture condition (Fig. 3) . At this con centration neuronal survival at 24 h was 50.3 ± 11% (p < 0.01) of that in control cultures without gluta mate. NMDA showed the same tendency as gluta mate. A low dose of NMDA was not toxic at all.
One millimolar NMDA reduced neuronal survival in the subsequent 24 h to 57.1 ± 4.2% (p < 0.01) of that in control cultures without NMDA, whereas 10 and 100 f1M NMDA had no effects on neurons (Fig. 4) .
After exposure to subcritical hypoxia prior to ad dition of glutamate, a much lower concentration of glutamate exhibited neurotoxicity than in cases of neurons without hypoxia. When 10 and 100 f1M glu tamate was added immediately after hypoxia, the survival rate was 80.9 ± 10 and 64.1 ± 4.2% of that in neurons with hypoxia but without glutamate, re spectively. These values were significantly lower than those obtained without glutamate (p < 0.01). NMDA was added to the culture me dium on day 3. Neuronal survival after incubation with NMDA for 24 h is displayed as a percentage by considering the neu ronal number of cultures without NMDA as 100% in each group. As with glutamate, low dose of NMDA did not affect the survival rate of hippocampal neurons without hypoxic stress, and 1 mM NMDA was necessary to cause significant neuronal loss (p < 0.01 ). Neuronal sensitivity to NMDA was unchanged by hypoxic stress for 2 h. After subcritical hyp oxia, NMDA and glutamate affected hippocampal neurons in a different manner. Data are shown as means ± SD (n = 6).
Neuronal survival rate with 100 f1M glutamate after subcritical hypoxia showed almost equivalent tox icity to that of 1 mM glutamate without hypoxia. In marked contrast to this augmentation of glutamate neurotoxicity, NMDA toxicity was not enhanced after sub critical hypoxia. As in Fig. 4 , 1 mM NMDA was significantly toxic, but 10 or 100 f1M
NMDA was not toxic. This dose-toxicity curve was identical to that of neurons without hypoxic stress.
Therefore, a subclass of glutamate receptor other than NMDA may be involved in the increased tox icity of glutamate on neurons exposed to subcritical hypoxic stress.
To elucidate the mechanism of the above observed glutamate toxicity, we applied MK-801, which is a selective noncompetitive antagonist of the NMDA receptor. At first we investigated whether addition of MK-80 1 could antagonize NMDA or glutamate toxicity in cultured hippocam pal neurons. When 2 f1M MK-80 1 was given to gether with 1 mM NMDA, the neurotoxicity of NMDA was completely abolished (Table 1) . Neu rotoxicity of glutamate (1 mM), however, could not be reversed by MK-80 1. Next we investigated whether the NMDA receptor is involved in the neu ronal loss after subcritical hypoxic stress. was given to neuronal cultures and thereafter hyp oxic stress was exerted. As shown in Fig. 5 , MK-801 failed to prohibit neuronal loss due to the hyp oxic stress for 2 h. Additionally we gave MK-80 1 to Effect of MK-801 on hypoxic neuronal injury. MK-801 was added to cultures on day 3. Thereafter culture plates were placed in the hypoxic chamber for 2 h. Surviving neu rons were counted 24 h after the hypoxic stress and neuronal survival is displayed as percentage without hypoxia. Neuro nal survival after hypoxic stress for 2 h could not be affected by MK-801 administered before induction of hypoxia. Data are shown as means ± SO (n = 6). 
DISCUSSION
Glutamate is one of several excitatory neuro transmitters in the central nervous system. Previ ous reports showed that glutamate is a potent inert neurotoxin (Lucas and Newhouse, 1957; Olney, 1969; Coyle et aI. , 198 1) . Involvement of glutamate and other excitatory amino acids has been proposed in various pathological conditions with neuronal loss (Coyle et aI. , 198 1; Rothman and Olney, 1987) . Rothman (1983) showed that trans synaptic activity mediates the death of neurons in hypoxic condi tions. Further study showed the possible role of trans synaptically released glutamate in neuronal death (Rothman, 1984) . The glutamate concentra tion causing neuronal loss was reported as 1 mM or 500 fLM for cultured cortical neurons (Choi, 1985; Choi et aI. , 1988; Mattson and Kater, 1989 ). This value is indeed applicable to our culture system with hippocampal neurons, in which 1 mM gluta mate was required to cause neurotoxicity. On the other hand, Rothman (1984) reported that 100 fLM externally added glutamate is neurotoxic for cul tured hippocampal neurons. That author used more mature neurons that were maintained for a longer period in vitro with higher density than we did. The threshold difference might be attributed to the trans synaptic action of glutamate, which we in tended to omit in order to investigate the sensitivity Effect of MK-801 on glutamate neurotoxicity after subcritical hypoxia. MK-801 was added together with gluta mate after hypoxic stress for 2 h. Neuronal survival rate after incubation with MK-801 and glutamate for 24 h is displayed as a percentage of the neuronal number without glutamate. The neurotoxicity caused by 10 fJ-M glutamate was com pletely abolished by MK-801 . The neurotoxicity of 100 fJ-M or 1 mM glutamate was statistically attenuated by 0.2 fJ-M MK-801 , but the neuronal survival was still much less than with out glutamate. Increased dose of MK-801 was not effective. MK-801 could partially reverse the glutamate neurotoxicity after subcritical hypoxia, while it could protect hippocampal neurons completely from NMDA neurotoxicity (see Table 1 and Fig. 6 ). The neurotoxicity exerted by low-dose glutamate after subcritical hypoxia particularly tended to be reversed by MK-801 . Data are shown as means ± SD (n = 6). *p < 0.05, A simple question is raised of whether the trans synaptically released inert glutamate alone, which normally acts as a neurotransmitter, would reach a high enough concentration to cause neuronal degen eration in pathological situations in vivo. Reports using the microdialysis technique showed that glu tamate in the extracellular fluid rises during isch emic periods but falls rapidly after recirculation (Benveniste et aI., 1984; Hagberg et aI., 1985) . One millimolar or 100 (-lM might be too high to explain ongoing neuronal loss in vivo. Should the threshold of glutamate be always constant? Neurons should have protective mechanisms against an excess of glutamate, because it is a physiological transmitter.
After exposure to a stress such as hypoxia, this protective mechanism might not work adequately and a physiological neurotransmitter might be con verted to a neurotoxin. Our present study showed an increased neuronal susceptibility to glutamate af ter hypoxia. Even 10 (-lM glutamate, which is not This suggested that the neurotoxicity induced by low-dose glutamate after subcritical hypoxia may be mediated mainly through the NMDA receptor, while a low dose of NMDA itself showed no toxic ity in the same condition.
The cellular mechanisms of this increased sus ceptibility should be clarified. It is well known that glutamate is a mixed agonist, acting both on NMDA receptors, which gate calcium channels, and non NMDA receptors, which gate conductance chan nels for monovalent cations (Collingridge, 1985; Foster and Fagg, 1987) . Moreover, the NMDA linked calcium channel is normally blocked by Mg 2+ in a voltage-dependent manner (Mayer et aI., 1984; Nowak et aI., 1984) . Therefore, glutamate (Johnson and Ascher, 1987; Thomson, 1989) and polyamine (Ran som and Stec, 1988) are reported to alter the sensi tivity of the NMDA receptor and these may be changed after hypoxia and modulate neurotoxicity.
Although the mechanism should be further stud ied in detail, this phenomenon is of great interest.
Severe hypoxia is, of course, cytotoxic because of energy failure. Our results showed the other possi bility of neuronal degeneration after hypoxic insult.
Neurons exposed to subcritical hypoxia may die later as the result of a lesser amount of glutamate. 
